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INTRODUCTION 
. .  
. I  
Ana lys i s  of  cur ren t  rocke tsonde  sensors  us ing  f i lm-mounted  ther -  
mistor  beads shows t h a t  t h e  f i l m  mount r a t h e r  t h a n  t h e  t h e r m i s t o r  b e a d  
i s  the dominat ing element  i n  the performance of  the sensor  in  the higher  
a l t i t u d e s  o f  o p e r a t i o n .  S i n c e  i n  t h i s  c a s e  t h e  b e a d  i s  e s s e n t i a l l y  o n l y  
measu r ing  the  f i lm  t empera tu re ,  a t t en t ion  i s  drawn  more toward  the  f i lm 
ra ther   than   the   bead  as t h e  s e n s i n g  l i n k  w i t h  t h e  a i r .  The r e l a t i o n s h i p  
o f  t he  f i lm  t empera tu re  to  the  env i ronmen t  becomes of  grea te r  impor-  
tance   than   tha t   o f   the   bead   tempera ture .   In  a s i m i l a r  way,  bead t h e r -  
mi s to r s  w i th  long  wi re s  depend  s t rong ly  on t h e  h e a t  t r a n s f e r  p r o p e r t i e s  
o f  t h e  w i r e  a t  t h e  h i g h e r  a l t i t u d e s .  
E f f o r t s  t o  i n c r e a s e  t h e  a l t i t u d e  c a p a b i l i t y  of rocketsonde 
a tmosphe r i c  t empera tu re  senso r s  have  l ead  to  the  cons ide ra t ion  o f  d i f -  
fe ren t   geometr ic   shapes   o f   the   sensor   e lement ,   Genera l ly ,   the   sensor  
shape  has  been  r e s t r i c t ed  to  those  o f  commerc ia l ly  ava i l ab le  the rmis to r  
d e v i c e s  w h i c h  f e a t u r e  s u f f i c i e n t  s t r u c t u r a l  s t r e n g t h  when  made very  
th in ,   such   a s   beads  on wires, rods ,   wafers ,   e tc .   Thinness  I s  needed 
to  min imize  hea t  conduc t ion  a long  the  s t ruc tu re  to  suppor t ing  f r ame-  
work, and i s  r equ i r ed   fo r   r e sponse   speed .  The time l a g   o f  a sensor  
i s  p r o p o r t i o n a l  t o  i t s  v o l u m e - t o - s u r f a c e  r a t i o  a n d ,  t h e r e f o r e ,  t o  i t s  
t h i c k n e s s .   T h e   t h i n n e s t   o f   c o m m e r c i a l l y   a v a i l a b l e   t h i n   t h e r m i s t o r  
dev ices   has   been   t he   min ia tu re  bead  (on wires). Beads of  about 10 m i l  
d i a m e t e r   a r e   i n  common use .   Th inness   i n   o the r   s enso r   shapes   and   s t ruc -  
t u r e s ,  p a r t i c u l a r l y  i n  t h e  f l a t  p l a t e  and c i r c u l a r  c y l i n d e r ,  becomes 
f e a s i b l e  w i t h  t h e  a v a i l a b i l i t y  o f  t h i n  s u b s t r a t e s  and t h e  p r o s p e c t  o f  
r e l i a b l e   t h e r m i s t o r   f i l m s   a p p l i c a b l e   t o   t h e s e   s u b s t r a t e s .  It i s  
a n t i c i p a t e d  t h a t  a small a r e a  o f  t h e r m i s t o r  f i l m  l o c a t e d ,  f o r  e x a m p l e ,  
on a t h i n  c y l i n d r i c a l  f i l a m e n t  o r  on a t h i n  p l a n a r  s h e e t ,  a t  a po in t  
s u f f i c i e n t l y  d i s t a n t  f r o m  s u p p o r t i n g  s t r u c t u r e ,  w i l l  enab le  the  de -  
t e c t i o n  o f  t h e  f i l a m e n t  o r  s h e e t  t e m p e r a t u r e  w i t h o u t  t h e  u s e  o f  a 
thermis tor   bead .   Other   f i lms  on t h e   s u b s t r a t e  would p r o v i d e   e l e c t r i c a l  
conduc t ion  to  the  the rmis to r  f i lm  and d e s i r a b l e  t h e r m a l  r a d i a t i o n  
p r o p e r t i e s   f o r   t h e   s e n s o r .  
S h a p e  i n f l u e n c e s ,  i n  a d d i t i o n  t o  s e n s o r  mass, t h e  a i r  flow 
over i t s  su r face .   Cha rac t e r i s t i c s   o f   t he   hydrodynamic   p rocess  of  
a i r  e n c o u n t e r i n g  t h e  s e n s o r  s u r f a c e  d e t e r m i n e  f i r s t  t h e  m a g n i t u d e  o f  
t h e  t e m p e r a t u r e  r i s e  i n  t h e  a i r  du r ing  i t s  d e c e l e r a t i o n  a t  t h e  s u r -  
f a c e ,  and second   t he   t he rma l   s ens i t i v i ty   o f   t he   su r f ace   t o   t he   t empera -  
t u r e   o f   t h e   d e c e l e r a t e d  a i r .  Fu r the rmore ,   t he   hea t   i npu t   t o   t he   s enso r  
from each segment of the radiation environment depends on the  senso r  
c r o s s  s e c t i o n  p r e s e n t e d  t o  t h a t  segment, so ,  a s  one  might  expec t ,  the  
in tegra ted   input   depends  on t h e   s h a p e   o f   t h e   s u r f a c e .   F i n a l l y ,   t h e  
temperature  r ise  d u e  t o  e l e c t r i c  h e a t i n g  o f  t h e  t h e r m i s t o r  d e p e n d s  on 
t h e  r a t e  a t  which heat can be conducted away  from t h e  t h e r m i s t o r  a r e a .  
S ince  conduc t ive  hea t  d i s s ipa t ion  f rom a source  po in t  i n  a t h i n  s o l i d  
body  depends  on t h e  d i m e n s i o n a l i t y  and  boundaries  of  the  body, i t  i s  
e x p e c t e d  t h a t  t h e  e l e c t r i c  h e a t i n g  e r r o r  w i l l  depend on sensor shape. 
The  purpose  of  the  present  d i scuss ion  i s  t o  compare  parameters, 
which depend on shape and wh ich  in f luence  pe r fo rmance ,  fo r  t h ree  bas i c  
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s e n s o r   s h a p e s :   t h e   s m a l l   s p h e r e ,   t h e   t h i n   c i r c u l a r   c y l i n d e r   i n   c r o s s -  
f l o w ,   a n d   t h e   t h i n   f l a t   p l a t e   i n   p a r a l l e l   f l o w .  The s ign i f i cance   o f  
r e l a t ive  weakness  o r  mer i t  is ind ica ted  in  te rms  of  sensor  tempera ture  
e r r o r  where a p p r o p r i a t e .  The a n a l y s i s  and r e s u l t s   a r e   i n t e n d e d   f o r  
app l i ca t ion  in  fu tu re  senso r  improvemen t s  a s  we l l  as i n  b e t t e r  u n d e r -  
s tanding   of   the   per formance   of   cur ren t   devices .  The d iscuss ion   ad-  
dresses i t s e l f ,   f o r   e x a m p l e ,   t o   t h e   q u e s t i o n :   S i n c e  a t  t h e  h i g h e r  a l t i -  
tudes  the  current  f i lm-mounted  sensors  are  dominated by the  tempera ture  
o f  t he  f i lm ,  how d o e s  t h e  f i l m  t e m p e r a t u r e  r e l a t e  t o  t h e  a i r  t e m p e r a -  
t u r e ,  and how does i t  compare wi th  the  bead temperature  i n  r ep resen t ing  
t h e  a i r  t e m p e r a t u r e ,  a t  a l l  a l t i t u d e s  o f  o p e r a t i o n ?  
For  quan t i t a t ive  compar i sons  a rb i t r a ry  senso r  spec i f i ca t ions  
and envi ronmenta l   condi t ions   a re   chosen .  The thickness   dimension 
D = 3.2 x 10 m (12.6 m i l ,  the  nominal 10 m i l  bead) 
d = 2.5 x 10 m (1 m i l  wi re   o r   f i l ament )  
6 = 1 . 2 7  x 10-5m (0.5 m i l  Mylar f i lm)  
-4 
-5 
i s  chosen   t o   be   a s   t h in   a s   p rac t i ca l   fo r   t he   r e spec t ive   shape .  The 
volume s p e c i f i c  h e a t  
(PC),, = 3.31 X 10 j ou le /m  ( the rmis to r   ma te r i a l s  [Wagner,  19611) 
(PC), = 2.71 X 10 jou le jm  (P t - I r   wi re   (2 .44  x 10 f o r   q u a r t z )  
6  3 
6 3 6 
[CRC Handbook,  19601) 
( P C ) ~  = 1.84 x 10  joule/m  (Mylar  [Dupont  Bulletin M-2B]) 
6 3 
cor re sponds   t o  a m a t e r i a l  commonly used  for   the  respect ive  shape.   For  
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u n i f o r m i t y  i n  a b s o r p t i v i t y  and emiss iv i ty  each  o f  t he  th ree  shapes  i s  
assumed t o  have a th in  opaque  coa t  of aluminum w i t h  s o l a r  a b s o r p t i v i t y ,  
long-wave  absorpt ivi ty ,   and  emissivi ty:  
2 = 0.15 
2 = E = 0.08  [CRC Handbook  19661 
S 
The a i r  flow and rad ia t ion  envi ronment  i s  approximate ly  tha t  encountered  
by a sensor  mounted  on a s tab le  parachute-sonde  sys tem having  weight  
and  dimension o f  t h e  ARCAS system and f a l l i n g  i n  t h e  a l t i t u d e  i n t e r v a l  
90 t o  50 km. A i r  p rope r t i e s   a r e   based   on   t he  U .  S .  Standard  Atmosphere 
1962  and a i r  speed i s  based  on  the  empir ica l  parachute  drag  coef f ic ien t  
developed  by Eddy [1965] .  A i r  speeds a r e  l i s t e d   v e r s u s   a l t i t u d e   i n  
Table  11. 
AERODYNAMIC HEATING 
Sensor   temperature  i s  governed by the   hea t   equa t ion  
E l e c t r i c  h e a t i n g  and t h e r m a l  c o n d u c t i o n  t e r m s  a r e  o m i t t e d  u n t i l  l a t e r  
i n   t h e   d i s c u s s i o n .  The s o l u t i o n   T ( t )   o f   t h i s   e q u a t i o n  is  the   t empera-  
t u r e  o f  the  sensor  in  reg ions  remote  f rom boundar ies  and i n t e r n a l  h e a t  
sources .  
The  sensor i s  sens i t i ve  to  the  a tmosphe r i c  t empera tu re  T(env)  
- 4 -  
only  through i t s  c o n t a c t  w i t h  the aerodynamical ly  heated a i r  a t  i t s  
s u r f a c e .  The cor responding  a i r  tempera ture  i s  . ca l l ed   t he   r ecove ry  
tempera ture  : 
v2 Tr = T(env) + r -
P 
2c 
Aerodynamic  hea t ing  o r  v i scous  d i s s ipa t ion  a r i s e s  f rom the  conve r s ion  
o f  k i n e t i c  e n e r g y  t o  t h e r m a l  e n e r g y  i n  t h e  d e c e l e r a t i o n  o f  t h e  a i r  a t  
t he   s enso r   su r f ace .   The   r ecove ry   f ac to r ,  r ,  depends on the   shape  of  
t he   su r f ace .   Theore t i ca l   va lues   o f  r fo r   t he   t h ree   shapes   a r e   found  
i n  t h e  l i t e r a t u r e  and a re  ve r i f i ed  by  expe r imen t  fo r  t he  r eg imes  o f  
continuum  flow and free  molecule  f low  [Schaaf- and  Chambre, 19611. Ava i l -  
a b l e  d a t a  i n d i c a t e  t h a t  l i n e a r  i n t e r p o l a t i o n  on t h e  b a s i s  o f  Knudsen 
number i s  adequate  between  these  regimes,  i . e . ,  throhgh  the  regimes 
of  s l i p  and t r ans i t i on   f l ow.   F igu re  1 shows t h e   r e l a t i v e   e f f e c t   o f  
aerodynamic   hea t ing   for   the   th ree   shapes .   Values   used   for   the   re -  
c o v e r y  f a c t o r  a r e  l i s t e d  i n  T a b l e  11. 
The  r ecove ry  f ac to r  i n  f r ee  molecu le  f low i s  l a r g e r  t h a n  i n  
continuum  flow, so t h e  i n t e r p o l a t e d  v a l u e  i n c r e a s e s  as mean f r e e  p a t h  
(and a l t i t u d e )   i n c r e a s e s .  Knudsen  umber i s  t h e   d i m e n s i o n l e s s   r a t i o  
of  mean f r e e  p a t h  t o  a c h a r a c t e r i s t i c  d i m e n s i o n  o f  t h e  body o r  82f t h c  
f l o w   f i e l d .  The g r e a t e r   s u r f a c e   d i m e n s i o n   o f   t h e   f l a t   p l a t e   a s s u r e s  
f o r  i t  a sma l l e r  Knudsen ,number and,  therefore ,  smaller  recovery factor .  
The f l a t  p l a t e ,  i n  o t h e r  w o r d s ,  i s  nearer  continuum  flow  than i s  t h e  
t h i n   c y l i n d e r   o r   s p h e r e .  It i s  e s t i m a t e d   t h a t   t h e   v a r i a b i l i t y  and 
- 5 -  
U 1 1 I I I I I 
20 40 60 80 100 I20  140 I 
Fig .  1. Rela t ive   e f fec t   o f   aerodynamic   hea t ing  
f o r  t h r e e  s h a p e s .  
u n c e r t a i n t y  i n  r e c o v e r y  f a c t o r  a r e  a b o u t  t h e  same f o r  t h e  t h r e e  s h a p e s  
a n d ,  t h e r e f o r e ,  t h e  e r r o r  i n  c o r r e c t i n g  f l i g h t  d a t a  f o r  a e r o d y n a m i c  
h e a t i n g  i s  expec ted  to  be  p ropor t iona l  t o  the  magn i tude  o f  t he  
co r rec t ion .   Labora to ry  t e s t s  w i t h   r e a l   p l a n a r   s e n s o r s  are  recommended, 
s i n c e  t h e  p o s s i b l e  o c c u r r e n c e  o f  f l u t t e r ,  w r i n k l i n g  o f  t h e  f i l m ,  o r  
o ther  devia t ions  f rom i d e a l  geometry might diminish the apparent 
advantage shown he re .  It would a p p e a r  t h a t  t h e  p l a t e  a t  l e a s t  i s  not  
i n f e r i o r  t o  t h e  o t h e r  s h a p e s  w i t h  r e s p e c t  t o  a e r o d y n a m i c  h e a t i n g .  
With a g iven  r ecove ry  f ac to r  and a i r  s p e e d ,  a thermometer a t  
bes t   can   a s sume   t he   a s soc ia t ed   r ecove ry   t empera tu re .   As ide   f rom 
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aerodynamic heat ing,  the sources  of  thermometr ic  error  are  dynamic 
l a g ,  r a d i a n t  h e a t i n g  o r  c o o l i n g ,  and e l e c t r i c  h e a t i n g  d u e  t o  i n s t r u -  
ment mon i to r ing  cu r ren t  and rad io  f requency  cur ren ts  induced  by t h e  
sonde   t r ansmi t t e r .   E r ro r   sou rces   a s soc ia t ed   w i th   t he   t r ansduc ing   o r  
de t ec t ing   func t ion   o f   t he   t he rmis to r ,   i . e . ,   t he   e r ro r s  i n  r ead ing   ou t  
t he  senso r  t empera tu re ,  a r e  no t  r e f l ec t ed  in  the  hea t  equa t ions  no r  
inc luded   i n   t h i s   d i scuss ion .   E f fec t s   o f   pho toconduc t iv i ty  i n  t he   s enso r ,  
and  anomalous  changes  in   the  thermistor   res is t ivi ty   due  to   physical  
o r  chemica l  e f f ec t s  o r  t he rma l  h i s to ry ,  fo r  example ,  a r e  exc luded .  
TIME CONSTANT 
L i n e a r i z i n g  t h e  q u a r t i c  t e r m  i n  t h e  h e a t  e q u a t i o n  l e a d s  t o  t h e  
form 
. c f + T = T  
e 
/ 
where  the  t ime  constant i s  
and the   equi l ibr ium  sensor   t empera ture   ( the   sensor   t empera ture   exc luding  
dynamic e r r o r s )  i s  
'h  T + (qr/A) + 3 EUT, 4 
h + 4 €aTa 
T =  r e 3 a  e , T = T  
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The t ime cons tan t  depends  on s ,ensor  shape through the thickness  para-  
meter   (v/a)  and th rough  the  convec t ion  coe f f i c i en t  h .  
The c o n v e c t i o n  c o e f f i c i e n t  h ,  l i k e  r e c o v e r y  f a c t o r ,  v a r i e s  i n -  
ve r se ly  wi th  the  hydrodynamic  cha rac t e r i s t i c  d imens ion  o f  t he  su r face .  
Values   as   seen   in   Table  I1 dec rease  i n  t h e   o r d e r :   c y l i n d e r ,   s p h e r e ,  
p l a t e .  The r e l a t i v e   d i f f e r e n c e ,   h o w e v e r ,   d e c r e a s e s   c o n s i d e r a b l y   a t  
h i g h e r   a l t i t u d e s   w h e r e  h  becomes s m a l l e s t  and  most c r i t i c a l .  The con- 
v e c t i o n  c o e f f i c i e n t  f o r  t h e  p l a t e  a p p r o a c h e s  t h o s e  o f  t h e  c y l i n d e r  and 
s p h e r e  i n  s p i t e  o f  t h e  e f f e c t  o f  i n c r e a s e d  d e c a y  l e n g t h  i n  t h e  p l a t e .  
The maximum loca l  va lue  o f  h i n  a p l a t e  i s  found a t  t h e  l e a d i n g  
edge ,   where ,   therefore ,   the   thermis tor  i s  assumed t o  be loca ted .  
However, t he   t empera tu re   g rad ien t   i n   t he   p l a t e ,   a s soc ia t ed   w i th   t he  
v a r y i n g   l o c a l   h ,  i s  reduced by the   conduc t iv i ty   o f   t he   p l a t e .   Thus ,  
conduct ion  tends  to  average  the  lead ing  edge  tempera ture  wi th  tha t  o f  
the   ne ighbor ing   a rea   o f   the   p la te   downst ream.  The dis tance  downstream 
over  which  the  leading  edge  temperature i s  averaged  depends on the  
magnitude o f  c o n v e c t i o n  w i t h  t h e  a i r  s t r e a m  r e l a t i v e  t o  c o n d u c t i o n  i n  
t h e  p l a t e ,  i . e . ,  on the   decay   length  
TI1 e e f f e c t i v e  h a t  t he  l ead ing  edge  i s ,  therefore ,  an  average  of  the  
l o c a l  h over a p l a t e  l eng th  downs t r eam p ropor t iona l  t o  the  decay  l eng th .  
The va lues  of  h given i n  Table  I1 f o r  t h e  p l a t e  i n c l u d e  t h i s  e f f e c t .  
The c h a r a c t e r i s t i c  l e n g t h  L used i n  c a l c u l a t i n g  h f o r  t h e  f 
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p l a t e   ( f i l m )  was taken as 3hf f: 0.1 c m ,  wh i l e ,   o f   cou r se ,   t hose   fo r  
t he  sphe re  and c y l i n d e r  w e r e  t h e i r  r e s p e c t i v e  c o n s t a n t  d i a m e t e r s .  
Value5  of L a s soc ia t ed   w i th   t he  h a re   i nc luded   i n   Tab le  11. A t  a 
g i v e n  a l t i t u d e ,  h f o r  a given aerodynamic shape increases with de- 
c r e a s i n g  L u n t i l  L becomes s m a l l  r e l a t i v e  t o  t h e  m o l e c u l a r  mean f r e e  
path,   where h i s  independent  of L. Therefore ,   increasing  decay  length 
i n   t h e   p l a t e   t e n d s   t o   d e c r e a s e  h .  Even s o ,  as  mentioned, a t  h i g h e r  
a l t i t u d e s ,  t h e  d e t e r i o r a t i o n  o f  t h e  p l a t e  c o n v e c t i o n  c o e f f i c i e n t  i s  
no t  a s  r ap id  a s  t hose  o f  t he  sphe re  and c y l i n d e r .  
-1 
f  f 
The over r id ing  fac tor  regard ing  compara t ive  t ime cons tan t  i s  
(VIA) , which assumes the values D16, d14, 612 r e s p e c t i v e l y  f o r  t h e  
s p h e r e ,   c y l i n d e r ,  and p l a t e ,  o r ,  i n  r a t i o ,  53.:6:6 in   our   numerical  
example. Though the  denominators would favor  the  sphere,   the  numera- 
t o r s  ( th i ckness  pa rame te r )  g ive  the  p l a t e  and c y l i n d e r  by f a r  t h e  
advantage.  The va lues  of  (PC)   a re   no t   expec ted   to   change   th i s   con-  
c l u s i o n   s i g n i f i c a n t l y .  Comparison  of  time  constants is  i l l u s t r a t e d  
i n  F ig .  2 and Table II. 
RADIAT I O N  ERROR 
A t  equ i l ib r ium ('i = 0) the  l inear ized  hea t  equat ion  above  re -  
duc.es t o  two terms represent ing the competi t ion between the convect ive 
and r a d i a t i v e  h e a t  t r a n s f e r  p r o c e s s e s  
(Tr e 
- T ] + 4 CUT, 3 (TR - Te) = 0 T = T  a  e 
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Time Constant ( S C C )  
Fig.  2 .  Comparison  of time c o n s t a n t   f o r   t h r e e  
sensor   shapes.  
T and T a re   t he   t empera tu res   t he   s enso r   t ends   t oward ,  by l i n e a r  
e x t r a p o l a t i o n ,  d u e  t o  t h e  p r e s e n c e  o f  t h e  a i r  s t r e a m  and r a d i a t i o n  
env i ronmen t ,   r e spec t ive ly .  The r a d i a t i o n   t e m p e r a t u r e  i s  given by  
r R 
(qr/A ) + 3 ,uT4 a 
4 EUT, 3 
T =  R 
The  sensor  temperature T l i e s  a t  a point  between T and T accord ing  
t o  t h e  r a t i o  o f  t h e  c o e f f i c i e n t s  
e r R 
h 
4 COT, 
3 u =  
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.. . I 
as  shown i n  F i g .  3 .  The q u a n t i t y  u a c t s  a s  a weight ing  factor   between 
F ig .  3 .  The dependence  of Te on t h e  r a t i o  of  the 
convect ion and r a d i a t i o n  c o e f f i c i e n t s .  
t he  two environmental   temperatures ,  
uTr + TR 
u +  1 Te - 
- 
and g i v e s  t h e  r a d i a t i o n  e r r o r  p e r  u n i t  d i f f e r e n c e  between T and Tr :  R 
T e - 1 
T~ r - T  u + l  
Values  of u and (u  + 1) are   i nc luded   i n   Tab le  11. The dependence -1 
- 11 - 
. . .. .... - . ._ - . . . . - . . 
o f  u on shape i s  p r i m a r i l y  t h a t  o f  h which has  been discussed.  
Turning now to the dependence  of  the  rad ia t ion  tempera ture  T R 
on shape,  we f i r s t  g i v e  t h e  g e n e r a l  e x p r e s s i o n  f o r  t h e  r a d i a t i v e  h e a t  
i npu t  t e rm o f  t he  hea t  equa t ion :  
m 
A R  0 
where 
3 x 
x 
bh 
= s p e c t r a l  a b s o r p t i v i t y  o f  t h e  s e n s o r  
= s p e c t r a l  e m i s s i v i t y  o f  t h e  s o u r c e  i n  dR E 
E (T) = P l a n c k   r a d i a n t   e n e r g y   s p e c t r a l   d i s t r i b u t i o n  
f u n c t i o n  f o r  t h e  s o u r c e  i n  dR a t  t e m p e r a t u r e  T 
R 
A 
e 
A 
= so l id  ang le  sub tended  by the  environment 
= t o t a l  s e n s o r  s u r f a c e  a r e a  
= angle  between sensor  surface element  dA and 
t h e  d i r e c t i o n  t o w a r d  dR 
= rad ia t ion  wavelength  
Cons ide r  t he  fou r  p r inc ipa l  env i ronmen ta l  r ad ia t ion  sources  seen  by 
the   s enso r :  
j = 1  sun 
j = 2 e a r t h  and atmosphere as a r e f l e c t o r   o f   s o l a r  
r a d i a t i o n  
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j = 3 e a r t h  and atmosphere  as  a long wave source 
j = 4 s o n d e   p a r t s   i n   v i e w   o f   t h e   s e n s o r ;   o r   s h i e l d  
Assuming t h e  r a d i a n t  e m i t t a n c e  
r 
m 
0 
and the  mean a b s o r p t i v i t y  
a re  independen t  o f  ang le ,  t he  geomet r i c  f ac to r  f 
j 
may b e  c a l c u l a t e d  s e p a r a t e l y  and t r e a t e d  a s  a m u l t i p l i c a t i v e  f a c t o r ,  
so the  rad ia t ion  input  te rm takes  the  form 
The inf luence  of  shape  on TR enters  on ly  through the  geometr ic  fac tor  
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The r e l a t i v e  v a l u e  o f  f i s  s i m p l y  t h e  r a t i o  o f  t h e  i l l u m i n a t e d  1 
c r o s s  s e c t i o n ,  A r ,  t o  t h e  t o t a l  s e n s o r  s u r f a c e  a r e a ,  A 
f o r  t h e  s p h e r e ,  c y l i n d e r  and p l a t e ,  r e s p e c t i v e l y ,  where $ i s  t h e  a n g l e  
between  the  sensor axis and t h e  s o l a r  l i n e  o f  s i g h t .  
No a t tempt  i s  made t o  compare f between  shapes.  Inhomogeneity 2 
and v a r i a b i l i t y  i n  t h e  i n d i r e c t  s o l a r  r a d i a t i o n  a r e  e s t i m a t e d  t o  r e n d e r  
meaningless   such a comparison. The magnitude  of  the  uncertainty,   however,  
can  be  reduced  with the use  of a c y l i n d r i c a l  s h i e l d .  R a d i a t i o n  e n t e r i n g  
the  fo rward  open ing  o f  t he  sh i e ld  wou ld  l eas t  a f f ec t  a p l a t e  s e n s o r  w i t h  
leading  edge  toward  the  opening.   The  shielding  advantage  of  a p l a t e  
i s  discussed  below. 
T h e  g e o m e t r i c  f a c t o r s  a s s o c i a t e d  w i t h  t h e  e a r t h  l o n g - w a v e  r a d i a t i o n  
are  comparable, i f  no s h i e l d  i s  p r e s e n t ,   d u e   t o  symmetry.  The e a r t h  
o c c u p i e s  e s s e n t i a l l y  t h e  l o w e r  h e m i s p h e r e  o f  t h e  s e n s o r ' s  t o t a l  v i e w  
and for  any of these   sensor   shapes  the co r re spond ing  geomet r i c  f ac to r  i s  
approximately  112.  Again,   however,   as w i l l  be  shown, a c y l i n d r i c a l  
s h i e l d  would  reduce  th i s  geometr ic  fac tor  most  for  the  p la te .  
F i n a l l y ,  f i l l u s t r a t e s   t h e   a d v a n t a g e   o f  a p l a t e   o r i e n t e d   e d g e -  4 
on ( y  = n/2)  toward a r ad ia t ion   sou rce .   F igu re  4 shows  f4(0 ) f o r  
t he  th ree  shapes  when the sonde surfaces  occupy a "polar cap" with 
h a l f - a n g l e  e o  a s  shown i n  t h e  f i g u r e .  A h a l f - a n g l e  o f  35" was chosen 
f o r  c o m p u t a t i o n  p u r p o s e s  i n  t h i s  d i s c u s s i o n .  
0 
f 4  
Fig .  4.  Geomet r i c   f ac to r   fo r   t he   t h ree   s enso r   shapes  
of  a c i r c u l a r  r e g i o n  l o c a t e d  90 degrees  from 
the  senso r  ax i s  sub tend ing  ha l f - ang le  0 . 
0 
Comparison  of t h e  f r e l a t i v e   t o   s h a p e   ( v a l u e s   a r e   n o t  com- 
j 
parab le  w i t h i n  a column) i s  shown in  Tab le  I f o r  the  unshie lded  sen-  
sor .  The inf luence   o f   shape   n te rs   on ly   th rough f and f Except ions 
to t h i s  o c c u r  t o  t h e  e x t e n t  t h a t  t h e  e a r t h  d o e s  n o t  o c c u p y  a hemi- 
s p h e r i c a l  s o l i d  angle  a t  t he  senso r  and i s  n o t  a uniform source.  
I f  t h e  s e n s o r  r e t u r n s  f r e q u e n t l y  t o  e q u i l i b r i u m  i n  s u n - s h a d e d  p o r t i o n s  
of  i t s  descen t ,  and s ince  the  r ad ian t  hea t ing  f rom the  sonde  i s  
n e g l i g i b l e  ( s e e  below) >, then ,  as ide  f rom the  above  except ions ,  sen-  
s o r  s h a p e  h a s  l i t t l e  e f f e c t  on TR. 
1 4' 
Comparat ive  values   of  T a re  shown i n  Table  I1 and  Fig.  5 ,  a long  R 
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I 
TABLE I 
I Source 
Sun 
A l b e d o  
Ea r th  
I Sonde 
APPROXIMATE  REZATIVE  MAGNITUDES  OF  THE 
GEOMETRIC  FACTORS 
114 t 0 - l / n  0-112 
1 1 1 
1 1 1 
9 11 4 
- 16 - 
TABLE I1 
NUMERICAL RESULTS 
V(m/sec> 
. " -- 
watt b 
c) W 
OK -rnL f 
r b 
€ 
- T ( e n v )  b 
(OK) w 
f 
I- b 
f 
W 
- "" *" 
. -"  "_ .. -~ 
(set> W 
b 
W 
S 
b 
W 
f 
5 0   6 0  70   80  90  
271   256  2 2 0   1 8 1  181 
"" ". ~ ." .. 
6 0 . 9   1 2  1 2 9 1  444 300 
0.22  0 .22  0 .35  0 .66  0 .87 
-.- " -~ - ~ " . . ~  
6 3 . 8  2 4 . 4  7 .72  2 .17   . 28  
9 1 . 8  26 .9  8.89 2 . 5 1   , 3 1  
2 4 . 9  14.6 5 .98  1 .60   .2  
1.17 1 .35  1 . 3 9  1 . 3 4  1 .43  
1.66 1 . 6 8  1 . 5 4  1 .39  1 . 5 1  
.86 .89 .92 .98 1.09 
2.16 . 9 . 8 4  5 8 . 9  133 6 4 . 2  
3 . 0 8  12.2 65.2 13 8 6 8 . 0  
1 . 6 0  6 . 4 4  3 9 . 0  9 7 . 2  4 8 . 8  
2 . 8  7 . 1  22 .0  65 2 65 
.18 .62 1 . 8  .5.5 29.3 
.46 .78 1 . 9  5 . 8  1 9  
2 73  266 2 80   310 2 77 
2 74  269 2 86 3 15  277 
2 73  263 2 6 1  2 82 2 7 1  
173  72 19.5 4 .0   . 77  
2 4  7 77 2 1 . 0  4.4 .80 
6 8  44 18.5 3 .9   . 69  
,005 7 014 .044 .20   . 58  
.0040 .013 .045 .18 .56 
.0145 .022 , 0 5 1  .20  .59 
~ ~~ . . ~. . .. . . . .. . ~~~~ 
~ " - ~- 
"_ . - ~- ~ ~~ 
. .  " ~ 
. . - . . . . . . 
3 0 1  3 04  299  298 300 
301 303 2 99  299  300 
3 0 0  3 0 4  3 05 298   300  
." . ." . " "  
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SPHERE 
9 0' 
8 0  - 
7 0  - 
6 0  - - 
50 
200 250 300 ; 
C Y L I N D E R  
P L A T E  
Fig .  5.  I l l u s t r a t i o n  of  TR, T,, and  Te,  and  T(env) 
f o r  the  th ree  senso r  shapes .  
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with  the  cor responding  va lues  of recovery temperature ,  a i r  tempera ture ,  
and sensor   equi l ibr ium  tempera ture .  The computed T i n  Table  I1 exclude 
d i r e c t  s o l a r  i l l u m i n a t i o n  o f  t h e  s e n s o r .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  
u s u a l  p r a c t i c e  o f  r e a d i n g  f l i g h t  d a t a  a t  minima a s  it. o s c i l l a t e s  
between s u n l i t  and  shaded  values. The thermometr ic   e f fec t   o f   each   of   the  
r a d i a t i o n  s o u r c e 8  on each shape sensor  i s  i n d i c a t e d  i n  T a b l e  111, where 
v a r i a t i o n s   i n  T and T a r e   l i s t e d   c o r r e s p o n d i n g   t o  2 100 percent  
v a r i a t i o n s   i n   t h e   h e a t   i n p u t  f rom  each  radiat ion  source.   Introducing 
a p e r t u r b a t i o n  f a c t o r  fi t h e  h e a t  i n p u t  t o  t h e  s e n s o r  f r o m  t h e  j t h  s o u r c e  
R 
R e 
j '  
i s  p cx f. I and the  day-shade  case  c i ted  above i s  represented  by 
j j ~ j '  
'j 
= O,l,l,l accord ing   t o   t he   o rde r  j = 1 , 2 , 3 , 4 .  The va lues   i n   Tab le  I11 
a r e  a r r a n g e d  i n  q u a d r u p l e t s  
where  the  temperatures  are  based on p-va lues   as   fo l lows:  
'j 
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TABLE  I11 
VARIATION IN SENSOR EQUILIBRIUM  TEMPERATURE T, AND RADIATION 
TEMPERATURE TR FOR 100 PERCENT VARIATION  IN THE  HEATING 
FROM EACH  RADIATION  SOURCE 
Z ( k d  
b 
i = l  
( sun>  
W 
f 
b 
i = 2  
(Albedo)w 
f 
b 
i = 3  
( E a r t h )  
f 
b 
i = 4  
(Sonde) 
f 
50 
.8 1.6 
141.2 279.9 
.8 1.5 
178.5 354 .2  
3 . 5  7.0 
275.5 530.7 
- .5 .4 
- 7 5 . 1  74 .3  
- .3 .3 
-74 .3  73 .8  
- .9 .9 
-75 .5  7 4 . 1  
- . l  .1 
-21.4 21.3 
0.0 .1 
-21.6 21.6 
- . 2  .3 
-20.5 20.4 
0.0 0.0 
- . l  0.0 
0.0 0.0 
- . l  .1 
0.0 0.0 
-.l 0.0 
60 
~ 
2 . 1  4.3 
149.2 291.7 
2.5 5 . c  
184.8 359.9 
7 . 8  15.2 
289.3 533.4 
-1.1 1.1 
-81.6 7 9 . 1  
-1.0 1.1 
-79 .4  77 .2  
-2 .0  2.0 
-85 .0  80.3 
- .3 .3 
-23 .1  22.5 
-.3 .3 
-23 .1  22.5 
- . 5  .6 
-22 .9  21.7 
~ 
0.0 0.0 
- . l  .1 
0.0 0.0 
- . l  .1 
0.0 0.0 -. 1 0.0  
" 
70 
6 . 5  12.5 
122.8 230.C 
7 . 2  14.4 
146.7 273.: 
16.0 38.7 
267.0 453.2 
- 3 . 4  3.4 
-71.5 66.5 
-3 .0  3.a 
-67 .0  63 .1  
-4 .2  4 . 2  
-87 .3  79.5 
.~ 
-1.0 .9  
-19.8 19.4 
- .9 .9 
-19.1 18.8 
-1 .1  1.2 
-22.8 22.3 
- 
0.0 0.0 
- . l  0 .0  
0.0 0.0 
0.0 .1 
0.0 .1 
0.0 .1 
80 
 
19.0  37.4 
84.8 147.2 
21.3 41.9 
102.1 174.6 
49 .8  93.9 
163 .3  239.4 
-10.3 10.1 
-57 .1  47.9 
-9 .1  8.9 
-54 .2  46 .5  
-14.1 13.7 
-75 .5  57.6 
~. ~. 
-2 .9  2.9 
-15 .2  14.4 
-2.7 2.6 
-14 .9  14.3 
-3 .8  3.8 
-18 .4  17.1 
- 
0.0 0.0 
-.l 0.0 
0.0 0 .0  
0 . 0  .1 
0 . 0  0.0 
- . l  0.0 
- " 
.. 
90 
. - . . . - 
64.6  110.9 
78 .4  124.4 
76 .2  128.5 
93 .3  144.6 
119.1 185.1 
122.8 184.8 
-47.9 36 .8  
-91.9 4 8 . 1  
-45 .2  3 5 . 5  
-90 .4  48.4 
-53.8  40.  
-97.0  47.6 
- "_ - ~ 
-12 .3  11.4 
-19.2 16 .1  
-12.0 11.1 
-19.6 16.5 
-13.0 11.9 
-18 .3  15 .2  
~ . - 
-.l 0.0 
-. 1 0.0 
- . l  0.0 
-.l .1 
0.0 0 . 0  
0.0 0.0 
- - .  
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Thus t h e  t e m p e r a t u r e  v a r i a t i o n s  a r e  r e f e r r e d  t o  t h e  d a y s h a d e  v a l u e  a t  
e a c h  a l t i t u d e .  The d i f f e r e n c e s  f o r  i = 1 cor re spond   t o   b r ing ing   t he  
s e n s o r  i n t o  t h e  s u n s h i n e  " b r o a d s i d e "  t o  t h e  r a y s  f o r  T-  and t o  d o u b l i n g  
the s o l a r  a b s o r p t i o n  f o r  T . For i # 1, T-   co r re sponds   t o   e l imina t ing  
the  a s soc ia t ed  source  and T+ t o  d o u b l i n g  t h e  a b s o r p t i o n  f r o m  t h a t  s o u r c e .  
+ 
The s e n s i t i v i t y  t o  r a d i a t i o n  is  s e e n  t o  b e  g r e a t e s t  i n  t h e  p l a t e .  
This  apparent  d i sadvantage  i s  l e a s t  a t  t h e  h i g h e r  a l t i t u d e s ,  a c c o r d i n g  
to   the   behavior   h .   Radiant   hea t ing   f rom  the   sonde  seems t o  b e  
n e g l i g i b l e   o v e r   t h e   e n t i r e   a l t i t u d e   i n t e r v a l   f o r   a l l   s e n s o r s .   T h i s  
s u g g e s t s  t h a t  t h e  r a d i a n t  h e a t  i n p u t  f r o m  a s h i e l d  would  be sma l l .  
A s  mentioned  above,  unshielded  sensors  during a d a y t i m e  f l i g h t  
may b e  e x p o s e d  t o  d i r e c t  s u n l i g h t  i n t e r m i t t e n t l y  and wi th  va ry ing  
a s p e c t   a c c o r d i n g   t o   t h e   m o t i o n   o f   t h e   p a r a c h u t e   s y s t e m s .   I f   t h e   s e n s o r ' s  
t ime cons tan t  i s  small   enough, i t s  c o l d e r  v a l u e s  w i l l  cor respond to  
shade   equi l ibr ium ( P I  = 0 ) .  Larger  T ,  however,   prevents  the  sensor 
f rom re tu rn ing  to  the  shade  equ i l ib r ium va lues  be tween  exposures  to  
the   sun .   For   example ,   i f  we r e q u i r e   t h e   s e n s o r   t o   r e t u r n   t o   w i t h i n  
20 percent  of  i t s  equ i l ib r ium va lue  in  one -ha l f  t he  pe r iod  o f  a  5 cps 
p a r a c h u t e  r o t a t i o n ,  t h e n  T must  be l e s s  t han  2 .5 / (  an  0.2) = 1 . 6  s e c .  
Immers ion   tempera ture   sensors   under   th i s   requi rement  are l i m i t e d  t o  
about 70 km a l t i t u d e .  A t  70 km, 20   pe rcen t   o f   t he   t empera tu re   va r i a t ion  
due t o  s o l a r  r a d i a t i o n  i s  o f  t h e  o r d e r  o f  5"K, depending on s o l a r  a b s o r p -  
t i v i t y  and a s p e c t  a n g l e .  T h i s  l i m i t a t i o n  may be  overcome  with  adequate 
dynami'c c o r r e c t i o n s  o r  w i t h  a s h i e l d .  The s t rong  emi t t ance  o f  t h e  s u n  
s e r v e s  t o  ampl i fy  unce r t a in ty  a s soc ia t ed  wi th  a spec t  ang le ,  so l a r  
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a b s o r p t i v i t y ,  and t h e  time func t ion   o f   so l a r   exposure ,  so t h a t  f o r  
f u t u r e  h i g h e r  a l t i t u d e s  t h e  s h i e l d  seems p r e f e r a b l e ,  i f  n o t  m a n d a t o r y .  
The curves  of  F ig .  4 a p p l y  t o  t h e  open  end o f  a c i r c u l a r  c y l i n -  
d r i c a l   r a d i a t i o n   s h i e l d  as wel l  as t o  f Quantat ive  comparison of  
t h e  s u s c e p t i b i l i t y  t o  t h e  e n t e r i n g  r a d i a t i o n  i s  given by the curves 
o f   F ig .  6 ,  w h i c h   a r e   t h e   r a t i o s  o f  f between  shapes.  The  advantage 
o f  t he  p l a t e  i n  such  a s h i e l d  i s  s e e n  t o  i n c r e a s e  c o n s i d e r a b l y  f o r  
d e e p e r   p o s i t i o n s   i n   t h e   s h i e l d .  
4' 
4 
The d i r e c t i o n a l  s e n s i t i v i t y  o f  a g i v e n  s e n s o r  t o  r a d i a t i o n  c a n  
be  represented  by  an  imaginary  c losed  surface  about   the  sensor   (analogous 
t o  a r a d i o  a n t e n n a  p a t t e r n )  whose r a d i a l  d i s t a n c e  from the sensor  in  
2.0 
I .6 
L 
.4 
0 
8, ( d e g r e e )  
Fig .  6.  Geometr ic   fac tors   o f   F ig .  4 €or   cy l inde r  
and p l a t e  r e l a t i v e  t o  t h a t  o f  t h e  s p h e r e  
ve r sus  0 . 
0 
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I 
e a c h  d i r e c t i o n  is  p r o p o r t i o n a l  t o  t h e  s e n s i t i v i t y  i n  t h a t  d i r e c t i o n ,  
The  magn i tude  o f  t he  sens i t i v i ty  i n  a g i v e n  d i r e c t i o n  i s  the  geometr ic  
f a c t o r  o f  t h e  s e n s o r  f o r  a small element dR i n  t h a t  d i r e c t i o n  when 
surrounded  by a uniform  source.   For   such  an  incremental   source  the 
g e o m e t r i c  f a c t o r  r e d u c e s  t o  
where A i s  t h e   s e n s o r   c r o s s   s e c t i o n   i n   t h e   s p e c i f i e d   d i r e c t i o n .  The 
t h r e e - d i m e n s i o n a l  s e n s i t i v i t y  s u r f a c e s  f o r  t h e  s p h e r e ,  c y l i n d e r ,  and 
p l a t e  a r e  t h e r e f o r e  
r 
-" 1 s i n  0 cos 0 
4 '  J r ' 2  
where 0 i s  the  angle  be tween the  source  d i rec t ion  and t h e  s e n s o r  a x i s .  
T h i s   s u r f a c e  i s  s p h e r i c a l   ( o m n i d i r e c t i o n a l )   f o r   t h e   s p h e r i c a l   s e n s o r ,  
t o r o i d a l  f o r  t h e  c y l i n d e r ,  and i s  a d o u b l e  s p h e r e  f o r  t h e  p l a t e .  
F igure  7 i l l u s t r a t e s ,  w i t h  a s e c t i o n a l  v i e w  o f  t h e  s e n s i t i v i t y  s u r f a c e s ,  
t h e  r e l a t i v e  s h i e l d i n g  e f f e c t  o f  a g i v e n  s h i e l d  as  i t  v a r i e s  w i t h  s e n s o r  
shape. It  i s  s e e n   t h a t   t h e   p l a t e   b e n e f i t s  most  from  the  shield,   and 
t h a t   t h e   c y l i n d e r   b e n e f i t s   e v e n  less than   t he   sphe re .  The d isadvantage  
o f  t h e  c y l i n d e r  i s  d u e  t o  i t s  u n f a v o r a b l e  o r i e n t a t i o n  w i t h i n  t h e  s h i e l d ,  
which i s  assumed d i c t a t e d  b y  s t r u c t u r a l  and  hydrodynamic  requirements. 
A s h i e l d  w i t h  a downward view hal f -angle  of  0 = 35" would reduce  
f and f t o  0.087, 0.108, and 0.044 r e s p e c t i v e l y   f o r   t h e   s p h e r e ,  
2 3 
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Fig .  7 .  S e c t i o n a l   v i e w   o f   t h e   s e n s i t i v i t y   s u r f a c e s   o f  
t h e  t h r e e  s e n s o r  s h a p e s ,  i l l u s t r a t i n g  t h e  re la -  
t i v e  s u s c e p t i b i l i t y  t o  r a d i a t i o n  e n t e r i n g  a 
c y l i n d r i c a l  s h i e l d .  
c y l i n d e r ,  a n d  p l a t e .  The r e d u c t i o n  i n  r a d i a n t  h e a t i n g  f r o m  e a c h  
source would be 100 p e r c e n t  f o r  d i r e c t  s o l a r  r a d i a t i o n  f o r  a l l  s enso r s ,  
approximately 78  pe rcen t ,  7 3  percent ,  and  89  percent  respec t ive ly  for  
albedo,  and 79 pe rcen t ,  75  percen t ,  and  89  pe rcen t  r e spec t ive ly  fo r  
e a r t h  long-wave r a d i a t i o n .  The i n c r e a s e d   h e a t i n g  from the   sonde   ( sh i e ld )  
would  remain  negl igible .  R e s u l t s  o f   c a l c u l a t i o n s   u s i n g   t h e   s h i e l d   a r e  
shown i n  Appendix  Fig. A4. The geomet r i c   f ac to r   advan tage   o f   t he   p l a t e  
i s  overcome  by i t s  c o n v e c t i o n  c o e f f i c i e n t  d i s a d v a n t a g e  f o r  a l t i t u d e s  
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below 87 km. Smal l e r  sh i e ld  v i ew ha l f - ang le  would  lower t h i s  a l t i t u d e  
i f  found  f eas ib l e  wi th in  the  en t ry  l eng th  and  sh ie ld  s i ze  r equ i r emen t s  
[ r e f .  P rogres s  Repor t  UTEC MR 67-046,  August  19671. 
ELECTRIC HEATING ERROR 
S i n c e  e l e c t r i c  h e a t i n g  w i l l  o c c u r  i n  a small a rea  on  t;he sensor  
occupied by the  thermis tor ,  the  assoc ia ted  tempera ture  r ise  w i l l  depend 
on c o n d u c t i v e  d i s s i p a t i o n  i n t o  t h e  n e i g h b o r i n g  r e g i o n s  of t h e  s e n s o r .  
The h e a t  e q u a t i o n  f o r  t h e  small thermis tor  reg ion  of  the  sensor  i s  
(pc)(v/A)* = h (Tr - T) + qr/A - CUT + W/A + k e 0 / A )  T i  4 
where 
W/A = ohmic power d i s s ipa t ed  pe r  s enso r  a rea  
k = thermal   conduct iv i ty  o f  the   sensor  
A. = c r o s s - s e c t i o n a l  a r e a  o f  c o n d u c t i v e  p a t h  a t  t h e  e d g e  
of t he   t he rmis to r   r eg ion  
To = senso r   t empera tu re   g rad ien t   a t   t he   edge  o f  t h e  
the rmis to r  r eg ion  
In  gene ra l ,  t he  conduc t ive  term i s  l i n e a r  i n  T and i n  a conduct ion 
temperature  T k 
so t ha t  t he  equ i l ib r ium t empera tu re  of t h e  s e n s o r  w i t h  e l e c t r i c  h e a t i n g  
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becomes 
h T + ~ E U  T + Hk Tk 4 r a 
h + ~ E U  Ta + Hk 3 Te - 
- 
The fo l lowing   four   cases   a re   cons idered  (Fig. 8):  a t he rmis to r  bead 
on long  wires  ( B  - W), a the rmis to r  bead connected by s h o r t  w i r e s  t o  a 
l a rge  p l ana r  f i lm  (B-W-F), a s h o r t  t h e r m i s t o r  f i l m  on  a t h i n  c y l i n d r i c a l  
6-w ( b e a d - * # r e 1  
Fig .  8. I l l u s t r a t i o n   o f   t h e   f o u r   c a s e s   u s e d   t o   e v a l u a t e  
the  e f f ec t  o f  s enso r  shape  on e l e c t r i c  h e a t i n g  
e r r o r .  
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f i l amen t  ( C ) ,  and a the rmis to r  f i lm  on the   l ead ing   edge   of   l a rge   p las t ic  
f i l m  ( P ) .  The expres s ion   fo r   t he   conduc t ive   coe f f i c i en t  Hk and t h e  
conduct ion  temperature  T i s  given i n  Table  I V ,  a long   w i th   t ha t   fo r  
t h e   s u r f a c e   a r e a  A i n   e a c h   c a s e .   Q u a n t i t i e s  i n  Table  V a r e   f u r t h e r  
k 
CONDUCTIVE PARAMETERS 
TABLE I V  
FOR THE FOUR SELECTED SENSOR  TYPES 
- 
Hk 
Tk 
A 
- 
B -W 
‘wb‘w 
T 
we 
JrD 
2 
B-W-F 
1 
Xf cosh A w l  + C Aw sinh hwl 
C h  I 
wf 
wb Xf s i n h  h k? 
W + cwf w X cosh X w l  
AITfe  + BITwe 
c) 
f l D L  
def ined   a s  follows: 
4(h + 4 u T i w )  
I 
k d  
W 
W 
I 
C 
d 
kc 2x 
T we 
~ r x d  
P 
f e  
~ r r  2 
0 
- 2 7  - 
(kd)w d 
'wf (k8) 2r 
- " 
0 
x, ro  = l e n g t h ,  r a d i u s  of  t h e r m i s t o r  r e g i o n  
A l  = X;/(Xf cosh h ,8 + C X s i n h  kWJ) I 
W wf w 
B1 1 - A1 
and K (x) and K (x) are  modif ied  Bessel l   funct ions  of   the   second  kind 
of  order  zero  and o n e ,  r e s p e c t i v e l y .  
0 1 
The e l e c t r i c  h e a t  W g e n e r a t e d  i n  t h e  d e t e c t o r  ( t h e r m i s t o r  r e g i o n  
o f  the   sensor )  i s  diss ipated  through  immediate   convect ion and r a d i a t i o n  
and th rough   conduc t ion   i n to   t he   ne ighbor ing   r eg ion   o f   t he   s enso r .  The 
a s s o c i a t e d  t e m p e r a t u r e  r i s e  o f  t h e  d e t e c t o r  i s  given  by 
f g = -  aTe w = W W 
(h + 4 a T 3  + Hk)A 
" - s  
a 
The  denominator S i s  the   "d iss ipa t ion   cons tan t"   (which  i s  "constant"  
on ly  when the  environment i s  c o n s t a n t )  f o r  t h e  t h e r m i s t o r  and i s  tabu-  
l a t e d  i n  T a b l e  V a l o n g  w i t h  t h e  t e m p e r a t u r e  e r r o r  f o r  a 10  p wat t  
e l e c t r i c  power d i s s p a t i o n  W .  
Values  used  for  thermal  conduct iv i ty  of  the  f i lament  and f i l m  
assume  bu lk   conduct iv i ty   o f   fused   quar tz ,   Mylar ,  and  aluminum [Powell  
e t  a l . ,  19661. The  aluminum c o a t i n g  was assumed t o  b e  100 rnp t h i c k ,  
Notice the advantage afforded by the two-dimensional  conduct ive 
- 28 - 
TABLE V 
COMPARATIVE  ELECTRIC  HEATING ERROR AT('K) , S(p w a t t / O K )  
A l t i t u d e  (km) I 50 
0.24  
41 .6  
~~ . ~, 
BWF AT 
~~ 
.24 
S 4 2 . 1  
C AT 0 . 6 4  
S 15 .7 
F AT . 04  
S 2 7 3 .  
60 
0.52 
1 9 . 4  
~ ~~ 
0.47 
2 1 . 4  
1 . 4 9  
6 . 7 2  
.05 
206.  
I 
70 90 80 
1.07 
0 .11  .09  .07 
1 ,oo 1 . 8 2  3 . 4 1  
10.0 5.50 2.93  
9.15 1 0 . 2  1 3 . 1  
1.09 0.98  .76 
2 . 5 9  4 . 8 0   9 . 3 0  
3 . 8 6  2 .08  
151. 95.2 1 0 8 .  
p a t h  i n  t h e  p l a t e ,  and t h e  d i s a d v a n t a g e  o f  t h e  l i m i t e d  d i s s i p a t i o n  
a f fo rded  by t h e  f i l a m e n t .  T h e  d i s s i p a t i v e  q u a l i t y  o f  t h e  f i l m  i s  seen  
also in  comparing the bead-wire  and bead-wire-f i lm cases ,  even under  
the   hand icap   o f  a s m a l l e r  c o n d u c t i v i t y .  No e f f o r t  was made h e r e  t o  
o p t i m i z e  t h e  m e t a l l i c  f i l m  f o r  l e a s t  e l e c t r i c  h e a t i n g  e r r o r  a g a i n s t  
t ime  cons tan t  and conduction  from  supports.   The  influence  of  shape i s  
n e v e r t h e l e s s  a p p a r e n t .  
CONCLUSION 
From the theoret ical  comparison of  the thermometr ic  performance 
o f  t h e  t h r e e  b a s i c  s e n s o r  s h a p e s ,  i t  i s  found tha t  t he  two-d imens iona l  
o r  p l ana r  shape  (wi th  bo th  sides v e n t i l a t e d )  a p p e a r s  g e n e r a l l y  t h e  
most  promising  for  future  immersion  sensor  designs.  I t s  p r i n c i p a l  
9; 
Note t h a t  i f  t he  wi re  ends  cu t  off a t  t h e  bead were l e f t  l o n g ,  t h e  
bead-wire  e r ror  might  be  ha lved .  
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fea ' tu res  are: small r e c o v e r y   f a c t o r   a s s o c i a t e d   w i t h  i t s  l a r g e r  a e r o -  
dynamic c h a r a c t e r i s t i c  l e n g t h ,  small thermal  mass a s s o c i a t e d  w i t h  i t s  
t h i n n e s s ,  g r e a t e r  p o t e n t i a l  f o r  s h i e l d i n g  a s s o c i a t e d  w i t h  i t s  f avorab le  
p a t t e r n  of r a d i a t i o n  s e n s i t i v i t y ,  and l a r g e r  " d i s s i p a t i o n  c o n s t a n t "  
( l o w e r  e l e c t r i c  h e a t i n g  e r r o r )  a s s o c i a t e d  w i t h  i t s  two-dimensional 
conduct ion.  
The cy l ind r i ca l  s enso r  f ea tu res  comparab le  t ime  cons t an t  bu t  has  
l a r g e r  r e c o v e r y  f a c t o r  a n d ,  t h e r e f o r e ,  more aerodynamic  heat ing,   smaller  
sh i e ld ing  payof f ,  and a g r e a t e r  s e n s i t i v i t y  t o  e l e c t r i c  h e a t i n g .  
I n  g e n e r a l ,  t h e  p r o p e r t i e s  o f  t h e  s p h e r e  l i e  b e t w e e n  t h o s e  of 
t h e   p l a t e  and cy l inde r ,   excep t   fo r   t he   excess ive   t ime   cons t an t .  The 
t i m e  c o n s t a n t  o f  t h e  s p h e r e  d i s q u a l i f i e s  i t  f rom cons idera t ion  as a 
s e n s o r  f o r  t h e  h i g h e r  a l t i t u d e s ,  t h o u g h  i t  may s e r v e  as t h e  d e t e c t o r  o f  
t h e  f i l m  t e m p e r a t u r e  i n  l i e u  o f  t h e  p o t e n t i a l l y  much b e t t e r  f i l m  t h e r m i s -  
t o r .  T h i s  i n t e r i m  u s e  o f  t h e  bead i s  p r a c t i c a l  d u e  p r i m a r i l y  t o  t h e  
s t r o n g  d i s s i p a t i v e  q u a l i t y  of  the  f i lm which  enables  i t  t o  " f o r c e "  t h e  
bead. 
A t  t h e  l o w e s t  a l t i t u d e s  of the  mesosphere ,  above  which  re la t ive ly  
few sondes  cur ren t ly  reach ,  d i f fe rences  due  to  shape  a re  unimpor tan t  
b e c a u s e  s u f f i c i e n t  c o n v e c t i v e  c o u p l i n g  and  low enough a i r  speed tend 
to   d imin i sh   t he   t empera tu re   d i f f e rence   be tween   t he   s enso r  and a i r .  The 
l a r g e r  s o l a r  h e a t i n g  s u f f e r e d  by the  f i lm (even  a t  t h e  l o w e r  a l t i t u d e s )  
is o f f s e t  by i t s  f a s t e r  r e s p o n s e  w h i c h  a l l o w s  d i s c r i m i n a t i o n  o f  t h i s  
error f rom the  s igna l .  
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APPENDIX A 
COMPARATIVE  PERFORMANCE UNDER SELECTED PERTURBATIONS 
The q u a n t i t a t i v e  e f f e c t s  o f  r e d u c e d  a i r  s p e e d  on recovery tempera- 
t u r e  T and   of   the   35"   c i rcu lar   cy l indr ica l   sh ie ld  on r ad ia t ion   t empera -  
t u r e  TR € o r  e a c h  o f  t h e  s h a p e s  a r e  i l l u s t r a t e d  i n  F i g s .  A l ,  A2, and A3. 
The cor responding   sensor   equi l ibr ium  tempera ture  T and a i r   t empera -  
t u re   T (env)   a r e  shown a lso .   These  computed c u r v e s  d i f f e r  from  those 
of  F ig .  5 due  only  to  changes  i n  t h e  a i r  s p e e d  V and the  geometr ic  fac-  
r '  
e 
t o r s  f 2  , f3 ,  and f accord ing  t o  Table A l .  4 '  
TABLE A I  
PERTURBATION  INPUTS 
. .  
Fig .  5 F ig .  A 1  F ig .  A2 F i g .  A3 
v VI2 V v / 2  v 
~~ ~ 
f 2  b 
,400  .044  ,044  400 f 
.400 . l o 8  . lo8   .400  W 
.400  .087  .087 .400 
b ,420  ,420  .087  ,087 
.430  .430 . l o 8  . l o 8  
.400 ,400  ,04   ,044 
b .OB7 087  .913  .913 
. l o 8  . l o 8  .892  .892 
.044  -044  .956  .956 
f 3  ; 
~. - . ... .  .- 
~- 
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Fig .  AI.  Temperature   funct ions  under  50 p e r c e n t  
r e d u c t i o n  i n  a i r  speed.  
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200 250  300 
CYLINDER 
P L A T  E 
F i g .  A 2 .  Tempera tu re   func t ions   fo r   t he   sh i e lded   p l a t e ,  
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PLAT E 
Fig .  A 3 .  Temperature   funct ions wi th  50 pe rcen t  
speed reduct ion and a s h i e l d .  
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The c o m p a r a t i v e  r e d u c t i o n  i n  r a d i a t i o n  e r r o r  v a r i a b i l i t y  
( u n c e r t a i n t y )  a s s o c i a t e d  w i t h  a s h i e l d  i s  i l l u s t r a t e d  i n  F i g ,  A 4 .  
The curves  show t h e  v a r i a t i o n  i n  T co r re spond ing  to  a +_ 20 pe rcen t  e 
v a r i a t i o n  i n  a l b e d o  and e a r t h  i n f r a r e d  h e a t  i n p u t  t o  t h e  s e n s o r ,  f o r  
the  unshie lded  sensor  (but  shaded  f rom di rec t  sunshine)  and  for  the  
s h i e l d e d  s e n s o r .  N o t i c e  t h a t  t h e  s h i e l d  i s  unnecessary a t  the  lower 
a l t i t u d e s .  
F ig .  A 4 .  Curves   o f   one - f i f th   t he   d i f f e rence   be tween   equ i l i -  
brium temperatures with and without albedo and earth 
long  wave r ad ia t ion  fo r  bo th  the  sh i e lded  and  un- 
sh i e lded  sphe re ,  cy l inde r ,  and  p l a t e .  
,AT = 0.2 [Te (pj = 0111) - Te ( p j  = OOOl)] 
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APPENDIX B 
LOCAL  CONVECTION  COEFFICIENTS I N  THE PLATE 
The convec t ion  coe f f i c i en t  h ,  a s  has  been  men t ioned ,  va r i e s  
f rom po in t  t o  po in t  a long  the  f low ove r  the  senso r  su r face .  The 
temperature  a t  a p o i n t  would depend on the local  value of  h , except  
t h a t  t h e r m a l  c o n d u c t i o n  i n  t h e  s e n s o r  body tends  to  average  the  
t e m p e r a t u r e  i n  t h e  v i c i n i t y .  S m a l l  d i a m e t e r  i n  t h e  c a s e  o f  t h e  b e a d  
and wire a l lows  the  use  o f  a s i n g l e  mean va lue  o f  h ,  fo r  g iven  f low 
cond i t ions ,  t he  ave rage  ove r  t he  en t i r e  c i r cumfe rence  a long  the  f low 
However, i n  t h e  case of  the  f i l m  i n  p a r a l l e l  f l o w ,  t h e  a i r s t r e a m  
passes  over  an  ex tended  sur face ,  reg ions  of which may be  more o r  
less c o n d u c t i v e l y  i s o l a t e d .  Thus t he  l ead ing  edge  may assume a 
t e m p e r a t u r e  q u i t e  d i f f e r e n t  f r o m  t h a t  o f  t h e  t r a i l i n g  e d g e .  
The c o n v e c t i o n  c o e f f i c i e n t  h f o r  t h e  p l a t e  i s  t h e  mean v a l u e  
o f  t h e  l o c a l  c o e f f i c i e n t  hx: 
Given  the  func t ion  h f o r  a sequence of lengths x a l o n g  t h e  p l a t e ,  i 
the  co r re spond ing  func t ion  h may be obtained by d i f f e r e n c i n g :  
X 
xi hi - X 
i i i-l 
i-1 hi-l 
(hx)  = x - x 
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Figure  B 1  shows t h e  l o c a l  c o n v e c t i o n  c o e f f i c i e n t  o b t a i n e d  i n  t h i s  
way f r o m  t h e  c o n v e c t i o n  c o e f f i c i e n t  d e r i v e d  f r o m  t h e  l i t e r a t u r e  a n d  
d i s c u s s e d  i n  a n o t h e r  p r o g r e s s  r e p o r t  i n  p r e p a r a t i o n .  The cu rves  
i n d i c a t e  t h e  i n c r e a s e d  v a l u e s  a t  t h e  l e a d i n g  e d g e  f o r  selected 
a l t i t u d e s  and a i r  speeds.   Figure B2 i l l u s t r a t e s  t h e  d e p e n d e n c e  o f  
h on a i r  speed.  
X 
When the  conduc t iv i ty -  t h i ckness  p roduc t  k6  of a f i l m  i s  
s u f f i c i e n t l y  small, t h e  t e m p e r a t u r e  d i s t r i b u t i o n  a l o n g  t h e  f l o w  
approaches  the  shape  of  hx TR. Figure  B3 shows t h e  d i f f e r e n c e  i n  
p l a t e  t e m p e r a t u r e  u n d e r  s e l e c t e d  c o n d i t i o n s  (Z = 80 km, V = 225 m/sec, 
and Z = 70 km, V = 260 m/sec for an aluminum-coated 0.5 m i l  Mylar 
f i l m  i n  a n igh t t ime  descen t . )  P l a t e  equ i l ib r ium t empera tu re  T 
i s  f o u n d  o n  t h e  c e n t e r  l i n e  o f  t h e  f i l m  s u f f i c i e n t l y  i n s i d e  o f  t h e  
s i d e p o s t s .  About 5'K t empera tu re  d i f f e rence  i s  seen  between  the 
l e a d i n g  a n d  t r a i l i n g  e d g e  o f  t h e  3 cm f i l m ,  The example shows t h e  
l ead ing  edge  to  be  nea re r  t he  r ecove ry  t empera tu re  than  i s  t h e  
t r a i l i n g  e d g e  a t  b o t h  a l t i t u d e s .  
e 
, 
Figure  B 3  a l s o  i l l u s t r a t e s  a case i n  which the recovery 
temperature  T increases   f rom a v a l u e  less than  T (80 km) to   one  r R 
g r e a t e r  t h a n  TR (70 km).  The r a d i a t i o n  e n v i r o n m e n t  i n  t h i s  c a s e  
a t  70 k m  causes  a coo l ing  e f f ec t  wh ich ,  t hough  i t  t e n d s  t o  b r i n g  t h e  
sensor  toward  T(env)  from T is n e v e r t h e l e s s   a n   e r c o r .   N o t i c e   a l s o   t h a t  
t he  inc reased  decay  l eng th  a t  80 km t e n d s  t o  d e c r e a s e  t h e  s i z e  o f  t h e  
c e n t r a l  r e g i o n  o f  t h e  f i l m  w h i c h  i s  i so l a t ed  f rom the  suppor t  pos t s .  
r '  
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Fig.  B1. V a r i a t i o n   o f   l o c a l   c o n v e c t i o n   c o e f f i c i e n t  
from the leading edge of a f l a t  p l a t e .  
I I I I I 
10 15 2 0  25 30 5 
DISTANCE FROM LEADING  EDGE (mm) 
Fig .  B2.  Dev ia t ion   o f   l oca l   convec t ion   coe f f i c i en t  
w i t h  a i r  s p e e d  a t  80 km a l t i t u d e .  
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Fig.  B3.  Tempera tu re   d i s t r ibu t ion   ove r  a thin 
f l a t   p l a t e .  
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The v a l u e s  of h used i n  t h i s  r e p o r t  f o r  t h e  p l a t e  h a v e  assumed 
t h e  t e m p e r a t u r e  d e t e c t o r  t o  b e  l o c a t e d  a t  t h e  l e a d i n g  edge of t h e  
p l a t e ,  and  a re  the re fo re  based  on  a c h a r a c t e r i s t i c  l e n g t h  w h i c h  i s  
about  3 d e c a y  l e n g t h s  i n  t h e  p l a t e .  Thus  h i s  the  mean v a l u e  
of  h only  over  a length of  the plate  downstream which conduct ively 
i n f l u e n c e s  t h e  t e m p e r a t u r e  a t  t h e  l e a d i n g  e d g e .  
X 
A decay length i s  de f ined  a s  the  l eng th  
where h i s  the  convec t ive  pa rame te r  i n  the  hea t  equa t ion  
S i m i l a r l y  t h e  r e c o v e r y  f a c t o r  r va r i e s  a long  the  f low ove r  
the  p la te .  I ts  l o c a l   v a l u e  i s  taken as tha t   i n t e rpo la t ed   be tween   t he  
cont inuum and free molecule  values  according to  
where Knudsen number K i s  r e fe r r ed  to  the  boundary  l aye r  t h i ckness .  n 
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N o t e   t h a t   s i n c e  r > r both  K and r increase   toward   the   l ead ing  fm c' n X 
edge.   Aerodynamic  heat ing  therefore  i s  g r e a t e r  a t  t he   l ead ing   edge .  
. ,  . ~ . . .  
A g a i n ,  t h e  e f f e c t i v e  v a l u e  o f  r e c o v e r y  f a c t o r  f o r  t h e  p l a t e  
i n  t h e  v i c i n i t y  of the  lead ing  edge  i s  taken  as the mean v a l u e  
L 
where L i s  t h e  c h a r a c t e r i s t i c  l e n g t h  c h o s e n  e q u a l  t o  three decay 
l e n g t h s ,  o r  t h e  p h y s i c a l  l e n g t h  of the  p la te ,  whichever  i s  smaller. 
F igure  B4 i l l u s t r a t e s  r (x) and T ( x )  a t  s e l e c f e d  a i r  speeds and 
X 
a l t i t u d e s .  
.. . . . -  , " 
. . .  ,. . _. .. . . . .  
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Fig.  B4.  Local  and mean r e c o v e r y  f a c t o r  f o r  50 m/sec 
a t  50 km, 100 m/sec a t  60 km and 300 m/sec a t  
70, 80, and 90 km. 
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GLOSSARY 
A 
AO 
C 
C 
P 
‘wb 
‘Wf 
D 
d 
f 
j 
H 
Hk 
h 
I 
j 
k 
a 
r 
S 
0 
T 
t o t a l  s e n s o r  s u r f a c e  
c r o s s - s e c t i o n a l  a r e a  o f  c o n d u c t i v e  p a t h  a t  t h e  e d g e  of t h e  
the rmis to r  r eg ion  
s p e c i f i c  h e a t  o f  s p h e r e ,  c y l i n d e r ,  o r  p l a t e  
s p e c i f i c  h e a t  o f  a i r  
conduct ive  coupl ing  coef f ic ien t  be tween wire  and  bead 
conduct ive  coupl ing  coef f ic ien t  be tween wire  and f i l m  
diameter  of  sphere 
d iameter  of  cy l inder  
P l a n c k  r a d i a n t  e n e r g y  s p e c t r a l  d i s t r i b u t i o n  f u n c t i o n  f o r  
a r a d i a t i o n  s o u r c e  a t  t e m p e r a t u r e  T 
geomet r i c  f ac to r  fo r  j th  sou rce  
h + 4eaTa 3 
c o n d u c t i o n  c o e f f i c i e n t  
c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  
r a d i a n t  e m i t t a n c e  o f  j t h  s o u r c e  
the rma l  conduc t iv i ty  o f  t he  senso r  
length  of  wire in  bead-wire- f i lm sensor  
r a d i a t i o n  h e a t  i n p u t  
r ecove ry  f ac to r  
r a d i u s  of  t he rmis to r  r eg ion  on f i l m  s e n s o r  
d i s s i p a t i o n  c o n s t a n t  
temperature  of  the sensor  
T a 
T 
e 
Tk 
TR 
i 
T 
T (env) 
r 
U 
V 
v 
W 
X 
a 
€ 
E x 
R 
0 
h 
nominal  temperature of s p h e r e ,  c y l i n d e r ,  o r  p l a t e  f o r  
4 
l i n e a r i z a t i o n  of T 
equi l ibr ium tempera ture  (I = 0) 
conduction temperat.ure 
r ad ia t ion  t empera tu re  
time r a t e  of change of sensor temperature 
recovery temperature  
a tmospheric   temperature  
h/4soT; 
volume of  sensor  
a i r  s p e e d  
e l e c t r i c  power d is's i p a t   i o n  
l e n g t h  o f  t h e r m i s t o r  r e g i o n  on f i l amen t  
long-wave a b s o r p t i v i t y  
s o l a r  a b s o r p t i v i t y  
s p e c t r a l  a b s o r p t i v i t y  of the  senso r  
mean a b s o r p t i v i t y  r e l a t i v e  t o  th'e jth' source  
r a d i a t i o n  i n p u t  p e r t u r b a t i o n  f a c t o r  
t h i ckness  of p l a t e  
e m i s s i v i t y  
s p e c t r a l  e m i s s i v i t y  
so l id  angle  subtended  by the environment a t  t he  senso r  
angle  between sensor  surface element  dA a n d  t h e  d i r e c t i o n  
toward dR 
r ad ia t ion  wave leng th  
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+ A\,.) inverse   of   the   decay  length  in  an  extended  convecting 
body 
Boltzmann cons t an t  
a s p e c t  a n g l e  t o  t h e  s u n  
mass dens i ty  of  the  sensor  
t ime cons tan t  
Subsc r ip t  
j = 1  
j = 2  
j = 3  
j = 4  
b 
W 
C 
€ 
P 
sun 
e a r t h  a s  a r e f l e c t o r  of  s o l a r  r a d i a t i o n  
e a r t h  and atmosphere as a long-wave  source 
sonde  pa r t s  i n  view of  the  senso r  as a long-wave  source 
sphere  
c y l i n d e r  
f i l amen t  t ype  senso r  
p l a t e  
f i lm  type  senso r  
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